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Herbivore-induced plant volatiles (HIPVs) mediate a wide variety of interactions in 
ecosystems. However, many volatile compounds are found across plant taxa, and some 
are exploited to attract natural enemies for biological control. Subtle changes in HIPV 
blends can produce profound changes in the behavior of predators, parasitoids and 
herbivores, and may also alter the defensive processes of neighboring plants. I 
investigated different ecological and evolutionary factors to understand how plant volatile 
emissions are affected by feeding guild, herbivore diet breadth and domestication. I meta-
analyzed 109 studies and found that specialists induce more total volatiles than 
generalists. Domesticated species have stronger green-leaf volatile induction that wild 
plants. Chewers induce more volatiles than sap-feeders in most biochemical classes 
except benzenoids/phenylpropanoids. Particularly, sap-feeders induce more methyl 
salicylate (MeSA) than chewers. MeSA is of particular interest because it is used 
commercially as a predator lure; it is the volatile analog of the phytohormone salicylic 
acid, and provokes strong responses in natural enemies. However, I hypothesized that 
exposure to MeSA may have unintended consequences on plant defensive pathways. In a 





proteins associated with plant defense, herbivore performance, and pathogen resistance. I 
found that MeSA increased plant resistance to a chewing herbivore, Manduca sexta, and 
improved resistance to secondary pathogen infection by 25%. This common volatile 
signal, which is often emitted in response to sap-feeding and other salicylic acid-
associated attacks, may not compromise resistance to chewing herbivores due to tradeoffs 






CHAPTER 1. ECO-EVOLUTIONARY FACTORS DRIVE INDUCED VOLATILE 
COMPOSITION: A META-ANALYSIS 
1.1 Abstract 
Herbivore-induced plant volatiles (HIPVs) are astoundingly diverse and perform 
critical ecological functions, but the majority are derived from conserved biosynthetic 
pathways. As common ecological and evolutionary factors may have similar effects on 
induction of these pathways, we tested three hypotheses that use eco-evolutionary theory 
to predict volatile induction: (1) feeding guild: chewing arthropods induce more volatiles 
compared to sap-feeding arthropods; (2) diet breadth: specialist herbivores induce more 
volatiles than generalists; (3) selection history: domesticated plants produce fewer HIPVs 
than wild plants. To test these hypotheses, we extracted data from 117 papers that report 
volatiles produced by both herbivore-damaged and undamaged control plants, and 
correspondingly recorded herbivore feeding guild, diet breadth, and plant domestication 
history. These data were then subjected to meta-analysis, including effects on total 
volatiles and major biochemical classes (e.g. green-leaf volatiles (GLVs), 
benzenoids/phenylpropanoids, monoterpenes, sesquiterpenes). Overall, we found support 
for hypotheses 1 and 2 – that chewers induce more total volatiles and in most 
biochemical classes than sap-feeding herbivores, and specialists induce more total 





hypothesis 3, total volatiles were induced equally in domesticated and wild species. In 
fact, cultivated species induced more GLVs and sesquiterpenes than wild plants. 
Surprisingly, this is the first quantitative synthesis of published studies on herbivore-
induced plant volatiles. Despite the breadth of the literature, there are notable gaps to 
address, especially the taxonomic clustering of studies, and paucity of studies conducted 
under field conditions. 
1.2 Introduction 
Herbivore-induced plant volatiles (HIPVs) have been the subject of intense 
research for the last 25 years, and mediate a wide range of ecological functions from 
attracting predators to inter-/intra-plant communication and directly inhibiting growth of 
herbivores and pathogens. Ecological and evolutionary factors mediate volatile emission: 
plants emit qualitatively and quantitatively different volatiles depending on genotype, 
herbivore identity, and abiotic conditions (Gouinguené & Turlings, 2007; Karban & 
Shiojiri, 2010; Staudt et al., 2010). For example, plants respond differently to two 
lepidopteran herbivores based on their oral elicitors and emit different volatile blends to 
attract the most effective parasitoid (van Poecke, 2002). Despite their differential 
responses to herbivore attackers and the diversity of HIPVs, plants have limited 
biosynthetic machinery that is conserved across higher plants (Dudareva et al., 2006). 
Notable examples include green-leaf volatiles (GLVs), aromatic benzenoids, and 
terpenes. Further, signaling mechanisms within plants, while dynamic, are shared among 
plant families and elicit the same downstream pathways to produce volatiles (Thaler et 





to have similar effects on the induction of particular classes of volatiles across plant taxa. 
We investigated the composition of HIPVs in 109 studies to determine the effect of three  
eco-evolutionary factors—herbivore feeding guild, herbivore diet breadth, and plant 
cultivation history—on total volatile emission and induction of volatiles from different 
biosynthetic pathways. 
1.2.1 Herbivore feeding guild  
Feeding guild profoundly affects the type of defense that plants mount (Smith & 
Boyko, 2007; Arimura et al., 2011). Arthropod feeding guilds are differentiated based on 
mouthpart morphology, which affects plant injury and their subsequent phytohormonal 
response. Chewers consume tissue, and consist mostly of defoliators like lepidopteran 
and coleopteran herbivores. In contrast, arthropods with piercing-sucking mouthparts like 
true bugs, aphids and whiteflies, and cell-content feeders such as thrips and mites feed on 
fluids traveling through the phloem and/or xylem. Broadly, chewing herbivores elicit the 
jasmonic acid (JA) signaling cascade in their hosts (reviewed in Ballaré, 2011; Erb, 
Meldau, & Howe, 2012; Koo & Howe, 2009), whereas sap-feeding arthropods generally 
induce the salicylic acid pathway (SA) (Raskin, 1992; Walling, 2000; Zarate et al., 2007).  
Feeding guild mediates phytohormonal responses, which may have consequences 
for the types of HIPVs emitted. In cotton, for example, chewers induce high levels of 
terpenes, while sap-feeding whiteflies induce very little (Mccall et al., 1994; Paré & 
Tumlinson, 1997; Rodriguez-saona et al., 2003a). This lack of induction may be a 
consequence of sap-feeders not eliciting JA mediated defenses (Walling, 2008). JA-
pathway interference and increase of SA in the plant often reduces HIPV emission 





within minutes of tissue disruption, and their systemic release is controlled by JA (Matsui 
et al., 2000; Matsui, 2006). Terpenes are also often regulated by JA signaling pathways, 
and produced in response to chewing herbivores (Schmelz et al., 2003b; Köllner et al., 
2013). Because of these broad differences in feeding damage on plant defense networks 
and the widely held perception that sap-feeders are stealthy, we hypothesize that chewing 
herbivores will induce more volatiles in general, and specifically produce more GLVs 
and terpenes than plants induced by sap-feeders.  
1.2.2 Herbivore diet breadth  
Because of coevolution between herbivores and plants, regardless of 
specialization, plants have specific direct and indirect defenses in response to an 
attacking herbivore, although specialists are more likely to have exerted evolutionary 
pressure on their hosts (Cornell & Hawkins, 2003; Mithöfer & Boland, 2008). 
Traditionally, specialists are thought to have trade-offs in their ability to feed on many 
plants in favor of physiological mechanisms to tolerate the defenses of just a few 
(Whittacker 1971; Krieger 1971). Generalists, in contrast, are thought to be “jacks of all 
trades, masters of none”, meaning that they can feed across many plant families, but do 
not perform well on toxic plants. Specialists are often less negatively impacted by direct 
defenses than generalists, as they have developed physiological and behavioral 
mechanisms to detoxify or avoid toxins from their food (Cornell 2003). Because 
specialists and generalists have different tolerances to plant defenses, plants in turn likely 
respond to these herbivores with tailored direct and indirect defense strategies.  
Do specialists or generalists induce more volatiles? Generalists are more 





with relatively “cheap” secondary metabolite toxins, such as pyrrolizidine alkaloids (Wei 
et al., 2015) or glucosinolates (Gols et al., 2008). As a result, plants attacked by a 
generalist may not divert resources towards high HIPV production. Furthermore, some 
generalists manipulate plant defense to reduce their mortality (Heidel & Baldwin, 2004; 
Diezel et al., 2009; Ali & Agrawal, 2012). While plants defending themselves against 
generalists with toxins and generalists manipulating plant defenses are two sides of an 
arms race – HIPV emission is likely less in both scenarios. Specialists, in contrast, are 
less susceptible to plant toxins and the presence of toxic secondary metabolites improves 
survival of some specialists as it increases enemy-free space of predators (Gentry & 
Dyer, 2002; Ode, 2006). Thus, internal secondary metabolites may be less effective 
compared to recruiting natural enemies using HIPVs and other indirect defenses. 
Furthermore, it has been hypothesized that specialists will induce more distinct defenses 
than generalists (Ali & Agrawal, 2012), perhaps making their HIPVs more useful to 
natural enemies searching for prey or hosts. However, specialists can also manipulate 
their hosts and reduce defenses including HIPV emission (Karban & Agrawal, 2002), 
although other strategies employed by specialist may reduce the need for manipulation 
(ie. tolerance of toxins, using phenology and timing of feeding to the herbivores 
advantage; Ali & Agrawal, 2012). Overall, we predict that plants will produce more 
HIPVs in response to specialist feeding than to generalist feeding.  
1.2.3 Domestication 
The manipulation of HIPVs in agricultural systems has been widely reviewed as a 
potential mechanism for enhancing biological control, either through synthetic additions 





metabolic engineering (Degenhardt et al., 2003; Pichersky et al., 2006), or push-pull 
systems (Khan et al., 2000). A central implication of this work is that volatile signaling is 
ineffective at attracting natural enemies in cultivated plants. Evans (1996) hypothesized 
that humans selected against defense traits in favor of yield and palatability, and 
increased damage by herbivores in cultivated systems has been well documented (Lindig-
Cisneros, 1997; Gols et al., 2008; Chen et al., 2015). Herbivores often gain more weight 
on cultivated species than their wild counterparts (Benrey et al., 1998) and domestication 
has been shown to decrease the inducibility of defenses, including volatile output 
(Tamiru et al., 2011). For example, breeding for yield and desirable fruit traits in 
cranberry negatively impacted resistance to gypsy moth herbivores, jasmonic acid 
induction, and volatile emission (Rodriguez-Saona et al., 2010). The loss of a key terpene 
synthase gene has rendered domesticated North American maize varieties unable to 
produce (E)-ß-caryophyllene, a key attractant for entomopathogenic nematodes 
(Rasmann et al., 2005; Köllner et al., 2008). The loss of volatiles due to domestication 
may disrupt the delicate balance between herbivores and their natural enemies in 
agricultural systems, contributing to biological control failures and thus pest outbreaks. 
Yet, the question of the extent to which domestication decreases resistance to herbivores 
remains controversial. In an extensive study comparing cultivated species and their wild 
relatives in 29 domestication events, domestication had no effect on population growth of 
the green peach aphid (Myzus persicae), and the only plant trait consistently affected by 
domestication was an increase in relative growth rate in cultivated species (Turcotte et 





ß-caryophyllene, overall, volatile emission increased as maize was domesticated from its 
wild ancestor teosinte (Gouinguené et al., 2001). 
The advent of modern insecticides allowed crop breeders to select for plant 
growth in a pest-free environment and thus HIPVs are unlikely to be under positive 
selection during domestication. Because artificial selection favors yield over defense 
traits, we predict domesticated plants will induce less volatiles than wild plants. 
1.3 Materials and Methods 
To evaluate these three hypotheses regarding the roles of feeding guild, herbivore 
specialization, and plant domestication in induction of plant volatiles, we used meta-
analytical methods. Surprising, no one else has utilized this approach to evaluate the 
effect of ecological factors on the overall emission of plant volatiles. 
1.3.1 Data selection 
Papers were collected using a literature search in Web of Science using the search 
terms: volatile* herbiv* induct* and plant communicat* volatile*, and include records 
until June 2013. To be included in the analysis, a study must have met the following 
criteria:  
(1) Plants were damaged with live arthropods. Studies using only JA application or 
wounding with oral secretion or regurgitant were not included. 
(2) Reported volatiles from both the herbivore-damaged and undamaged control plant.  
(3) Reported means, sample sizes (>2), and variance of each volatile compound. If no 
measure of variance was reported for a few of the compounds (or there was no variance), 





(4) Collected volatiles from leaf tissue or whole plants. Volatiles collected from flowers, 
stems, or roots were not included in the analysis. 
(5) Used sampling methods sensitive to quantitative and qualitative changes in volatile 
production (studies using Solid Phase Micro-Extraction (SPME) were excluded).  
1.3.2 Database 
Based on the above selection criteria, we used data obtained from 109 studies 
(236 experiments), which we evaluated for plant and herbivore information and the 
amount of ~600 different volatile compounds. Data were obtained from tables, or 
extracted from plots using Plot Digitizer (Source Forge, plotdigitizer.sourceforge.net). 
Volatile compounds were classified into the following biochemical types: (1) GLVs, (2) 
benzenoids/phenylpropanoids, (3) monoterpenes, (4) sesquiterpenes, (5) homoterpenes, 
(6) other (thiocyanate, aldehydes, and other miscellaneous compounds that did not fall 
into the first 5 classes), or (7) unknown. We report effect of herbivore feeding on GLVs, 
benzenoid/phenylpropanoids, monoterpens, sesquiterpenes and homoterpenes because 
these groups had >100 observations in >50 studies. Author-reported classifications were 
confirmed by search of published literature (Minyard et al., 1966; Shaw, 1968; Gambliel 
& Croteau, 1984; Granger et al., 2005; Dudareva et al., 2006; Mulyaningsih et al., 2010; 
Scala et al., 2013). For each study, plant species, cultivar, plant family, domestication 
status, and growth environment were recorded. Herbivore species, feeding guild, and diet 
breadth were also recorded. Feeding guild consisted of chewer or sap-feeder. We 
included thrips, mites and galling flies as sap-feeders despite not having traditional 
piercing-sucking mouthparts. Arthropods were considered specialists if they fed within 





domestication status was not explicitly mentioned in the study, a literature search was 
used to determine cultivation history. All classifications are detailed in Table A.2 and 
A.3. When a study measured multiple time points, herbivore instars, or feeding damage 
levels, we chose the time point/instar/feeding level that maximized volatile production to 
reduce non-independence of each observation and ensure consistency. 
1.3.3 Data analysis 
A meta-analysis was conducted on summed classes of volatiles rather than 
individual chemical components. To quantify total volatiles produced in each class, 
volatiles from damaged or control plants were summed for each experiment. Variance of 
each compound was reported either as standard deviation or standard error. These were 
converted into total variance using the number of replicates of each volatile collection, 
summed, and then converted to standard deviations for grouped volatiles.  
The escalc function in the metafor package in R was used to calculate the effect 
size of each observation for each volatile class (Viechtbauer, 2010). The effect size 
(Hedges’ g) for each volatile class was calculated by subtracting the amount of volatiles 
produced by control plants from the amount produced by damaged plants, divided by the 
variance. The variance was dependent on the standard deviation of damaged and control 
plants, and the sample size of both control and damaged plants. This was adjusted by the 
sample sizes of the study to calculate the effect size. Effect sizes were weighted to ensure 
that more robust studies (with smaller variances) were given more weight in the 
calculations. The weighted effect size was calculated using the inverse variance as the 
weight. Where effect sizes are positive, the damaged plants produced more volatiles than 






Analysis of herbivore feeding-guild, herbivore diet breadth and plant 
domestication included all of the studies that fit within the criteria mentioned above. We 
also analyzed the effect of feeding guild on the production of methyl salicylate (MeSA) 
with a subset of the data set that included only studies with plants that induced MeSA in 
response to feeding. MeSA is the most common volatile within 
benzenoids/phenylpropanoids, the volatile analog of the phytohormones salicylic acid, 
and of particular interest in regards to feeding guild. In order to evaluate the potential 
influence of plant family, we analyzed volatile induction of the 9 plant families with 
more than 4 observations (reported in Table A.1 in the Appendix). Because wild and 
domesticated plants were primarily found in different families, we wanted to confirm that 
plant family was not a confounding factor in our results. We analyzed the effect 
domestication within Brassicaceae and Solanaceae, which both had >30 studies evenly 
split between cultivated and wild species. These subsets were analyzed in the same way 
as the full data set.  
A random-effects model was used to calculate the overall effect of herbivores on 
volatile production of each class of volatiles, where each independent experiment and 
each data point were treated as random-effects. Experiments were considered 
independent when they were derived from a different set of control plants. The model 
was calculated using the rma.mv function in metafor and a restricted maximum likelihood 
estimator, which is thought to be efficient and unbiased, and is the default method for 
setting a mixed-model (Viechtbauer, 2010). The 95% confidence intervals around the 
mean were used, and given the number of studies in our analysis, we did not need to use 






To evaluate the importance of herbivore feeding guild, herbivore diet breadth and 
cultivation on the induction of different classes of volatiles, a mixed-model was used. 
The eco-evolutionary factor was treated as a fixed factor. To determine whether there 
were differences between different levels of each ecological factor (i.e. chewing vs. sap-
feeding herbivores) an omnibus test of between group heterogeneity (Qm) was used, 
which was tested against a chi-squared distribution. Differences were considered 
significant for α less than 0.05. Group means were calculated using the slope of the group 
and the intercept for the model.   
To evaluate potential publication bias (reported in Figure A.1 in the Supporting 
Information), which is a common problem for meta-analyses because non-significant 
results are often not published (Begg, 1994), funnel plots and Spearman-rank correlations 
between the standardized effect size and the sampling variance were used (Jennions et al., 
2013). The fail-safe numbers for induction by herbivores (overall effects) were also 
calculated for each volatile class. Fail-safe numbers indicate the number of non-
significant unpublished or missing studies that would negate the results. These are 
considered robust if they are greater than 5n +10 where n is number of studies in the 
meta-analysis (Rosenthal, 1979). 
1.4 Results  
Overall, plant volatiles were strongly induced by herbivores, including total 
volatiles and each biochemical class (Table 1.1). These results are considered robust to 
publication bias because the number of non-significant observations that would need to 






induction by the nine plant families that were measured in more than four studies is 
reported in Table A.1.  
Chewing arthropods induced greater total volatile emission that sap-feeders (Qm= 
8.12, p=0.004, Figure 1.1A). Likewise, GLVs and sesquiterpenes were also more 
strongly induced by chewers than sap-feeders (Qm= 20.19, p<0.001, Figure 1.1B; Qm= 
27.12, p<0.001, Figure 1.1E). Monoterpenes displayed the same pattern, but the effect 
was only marginally significant (Qm= 2.85, p= 0.091, Figure 1D). Benzenoids, in 
contrast, were marginally induced by sap-feeders (Qm= 3.21, p=0.073, Figure 1.1C). 
When the most common benzenoid in the meta-analysis, MeSA, was analyzed separately, 
it was more strongly induced by sap-feeders than chewers (Qm= 5.65, p=0.017, Figure 
1.2). Induction of homoterpenes was not affected by feeding guild (Qm= 0.69, p=0.406, 
Figure 1.1F) 
 Herbivore specialization increased total volatile induction compared with 
generalists (Qm= 4.78, p= 0.029, Figure 1.3A). However, no other volatile classes were 
differentially induced by feeding specialization (GLVs: Qm= 2.58, p= 0.108, Figure 1.3B 
benzenoids: Qm= 1.53, p= 0.215, Figure 3C; monoterpenes: Qm= 0.05, p= 0.824, Figure 
1.3D; sesquiterpenes: Qm= 2.11, p= 0.146, Figure 1.3E; homoterpenes: Qm= 0.27, p= 
0.607, Figure 1.3F).  
 Domestication did not affect the total emission of volatiles (Qm= 1.39, p= 
0.238, Figure 1.4A). GLVs, however, were more strongly induced in domesticated 
species than wild plants (Qm= 9.38, p= 0.002, Figure 1.4B). Sesquiterpenes were also 
more induced in domesticated plants (Qm= 7.82, p= 0.0052, Figure 1.4E). Benzenoid, 






p= 0.818, Figure 1.4C; Qm= 0.06, p= 0.793, Figure 2E; Qm= 0.85, p= 0.356, Figure 
1.4F). Similar effects were found in both Brassicaceae and Solanaceae. In Brassicaceae, 
volatiles were were more strongly induced in cultivated than wild species (Qm= 4.25, p= 
0.039, Figure 1.5A) as were GLVs, sesquiterpenes and homoterpenes (Qm= 10.56, p= 
0.001, Figure 1.5B; Qm= 7.22, p= 0.007, Figure 1.5C; Qm= 5.98, p= 0.015, Figure 
1.5D). Like for the full meta-analysis, benzenoids and monoterpenes were not 
differentially induced in Brassicaceae (Qm= 0.04, p= 0.842; Qm= 0.65, p= 0.420, 
respectively). Solanaceae showed a similar pattern: domesticated and wild species 
induced equal amounts of total volatiles (Qm= 1.9784, p= 0.160, Figure 1.5E), 
benzenoids (Qm= 0.51, p= 0.474), monoterpenes (Qm= 0.23, p= 0.632), and 
sesquiterpenes (Qm= 0.08, p= 0.767, Figure 1.5G). However, like in Brassicaceae and the 
full data set, GLVs tended to be more strongly induced by domesticated than wild plants 
(Qm= 3.70, p= 0.054, Figure 1.5F). Homoterpenes were not well represented within 
Solanaceae studies and were not included in the analysis (N of wild species = 1).  
1.5 Discussion 
1.5.1 Herbivore feeding guild 
We hypothesized that chewing arthropods would induce JA-pathway associated 
volatiles, GLVs and terpenes, while sap-feeders would induce SA-associated volatiles. 
We found that chewing increased the total quantity of volatiles produced, as well as 
GLVs, monoterpenes and sesquiterpenes, as predicted, but sap-feeding and chewing 
caused equal emission of benzenoid volatiles. We found no effect of feeding guild on 






shikimate pathway, primarily phenylalanine, and produces SA (Colquhoun et al., 2010). 
However, within benzenoids, we found that sap-feeding arthropods induced the volatile 
analog of SA, methyl salicylate (MeSA), more strongly that chewers. While 
benzenoid/phenylpropanoid volatiles were not differentially induced by sap-feeding, the 
induction of MeSA highlights the role of phytohormones in the emission of volatiles.  
Sap-feeders, such as aphids and whiteflies, are often less mobile and have 
developed manipulative strategies to suppress plant responses, either through remaining 
cryptic to the plant or through direct manipulation of phytohormones (Walling, 2008). 
This carries over to indirect defenses as well–aphids, for example, actively suppress 
volatile emission (Schwartzberg et al. 2011). Aphid feeding can be quite variable, 
however, and does not always result in lower emissions than chewing herbivores (Blande 
et al., 2010). Other sap-feeding insects like galling Hessian flies manipulate their host 
(Stuart et al., 2012), and suppress emission of volatiles in wheat (Tooker & De Moraes, 
2007). Tooker et al. (2008) measured SA and JA concentration in the plant, and found 
that galling insects moderated SA concentration on the outside of the gall. This confirms 
the manipulation of phytohormones by sap-feeders, resulting in lower volatile emission.  
Several confounding factors may have affected the results of this guild 
comparison. Chewers damage tissue differently from sap-feeders by removing biomass 
and crushing cell-tissue as they feed. Sap-feeding arthropods like aphids often avoid cell 
walls when piercing the phloem, although some arthropods categorized here as sap-
feeders are more damaging to tissue (ie. mites, thrips, and true bugs; Walling, 2000). 
Differences in plant damage by sap-feeding and chewing arthropods are difficult to 






herbivores to plants. It is possible differences in volatile emission due to herbivore guild 
may be an artifact of differences in tissue disruption. While tissue disruption affects in 
how plants perceive their attackers, we cannot attribute our results to differences in tissue 
disruption alone, as stronger induction of MeSA by sap-feeding herbivores indicates that 
more than tissue removal plays a role in volatile emission due to feeding guild.  
1.5.2 Herbivore diet breadth 
Our results from the meta-analysis support the hypothesis that plants induce more 
volatiles in response to specialist herbivores. However, we did not find patterns in 
induction of certain volatile classes that would account for differences between 
specialists and generalists. There are few studies directly comparing volatile emission by 
specialist and generalist herbivores. Cotton plants damaged by generalist chewer 
(Spodoptera frugiperda) emitted less volatiles than plants damaged by the specialist, 
cotton bollworm (Magalhães et al. 2012). Another comparison of specialist and generalist 
Lepidoptera showed no significant differences between total volatiles, although the 
homoterpene, DMNT, was more strongly induced by the specialist (Vuorinen et al., 
2004a). Given how few studies have directly compared specialists and generalists, using 
a meta-analytical approach was useful in understanding the overall effect of diet breadth 
on volatile emission. It is particularly important to understand the effects of herbivore 
diet breadth given intriguing observations that predators are more likely to attack 
generalists while parasitoids are more likely to attack specialists (Dyer & Gentry, 1999; 
Gentry & Dyer, 2002). However, we were unable to conclusively determine the 
differences between specialists and generalists on volatile induction. Further work is 






The confounding effect of feeding guild may have contributed to differences 
between specialists and generalists. There were approximately equal numbers of chewer 
and sap-feeder generalists, but only 19% of specialists were sap-feeders. The greater 
number of chewers within the specialists grouping may have contributed the increased 
total emission by specialists, but does not account for the opposite effect in GLVs and 
sesquiterpenes. Plant family may have also played a role in the effects of diet breadth, as 
the ratios of diet breadth were skewed towards specialists in Brassicaceae (68%) and 
Rosaceae (90%) and towards generalists in Fabaceae (94%) and Malvaceae (92%). 
Indeed, Brassicaceae induction of total volatiles was relatively high, although so was 
Fabaceae, indicating that plant groups with more specialists and generalists were 
balancing each other (Table A.1). Overall, it seems unlikely that differences in induction 
between plant family drives the conflicting trends in volatile induction due to generalists 
and specialists.  
1.5.3 Domestication 
We hypothesized that selection for yield in domesticated plants would result in a 
trade-off in volatile production. Interestingly, our data suggest that selection has had no 
effect on volatile production. We found that while cultivation has no effect on total 
volatile production, emission of GLVs and sesquiterpenes actually increased in 
domesticated species. The premise of our hypothesis was that the costs associated with 
inducing volatiles would decrease yield. However, volatiles may not be costly to maintain 
for domesticated plants. Volatile production could have fewer fitness consequences than 
previously thought; in maize, costs of volatile production are only detectable in young 






terpenes are thought to be expensive to produce due to their complex biosynthetic 
pathway (Gershenzon, 1994), a meta-analysis of fitness costs of plant defense found that 
terpenoids were the only defense associated with increased fitness (Koricheva, 2002). 
This is perhaps because terpenes are carbon-based and are not competing for precursors 
with protein synthesis, unlike other defenses. In fact, the only limit on terpene production 
may be storage structures, which positively correlate with plant growth (Björkman et al., 
1998). Few studies have looked at the costs of GLVs or benzenoids.  
As producing plant volatiles may have fewer costs than our hypothesis assumes, 
domestication may not select against volatile emission. Although a few studies have 
found that total volatile production decreased as plants were domesticated (Rodriguez-
Saona et al., 2011), others have found a loss of critical compounds in more derived lines 
without the loss of total volatile production (Rasmann et al., 2005; Köllner et al., 2008). 
However, work in maize has found an increase in total volatiles produced by cultivated 
species compared to their wild ancestors (Gouinguené et al., 2001). These results support 
our findings that total volatile output is not affected by domestication, and GLVs and 
sesquiterpenes are increased. In fact, domestication may increase parasitism rates by 
increasing suitability of hosts and increasing attraction of parasitoids (Benrey et al., 
1998). 
Phylogeny may have influenced our results because domesticated and wild 
species were not equally represented within plant families with higher induction and thus 
a plant family, such as Poaceae, may have driven differences between domesticated and 
wild groups. To address this concern, we conducted an analysis within Brassicaceae 






than 30 studies balanced between wild and domesticated species. We found similar 
effects of domestication in Brassicaceae as in the full model, including more total 
volatiles produced by domesticated plants. Solanaceae, however, only showed differential 
induction of GLVs. Thus, this phylogenetically controlled subset showed similar patterns 
as our full meta-analysis, supporting our conclusions.  
Another source of concern is that other traits associated with domestication may 
contribute to the effects of cultivation on indirect defense (Evans, 1993; Chen et al., 
2015). Increased biomass and loss of defensive structures, for example, may result in a 
higher quality food resource for herbivores, and higher levels of damage (Rosenthal & 
Dirzo, 1997; Chen & Welter, 2005). Because herbivores may consume more tissue, 
volatile output may be higher in cultivated species as a function of damage, particularly 
GLVs. There is a long held assumption that tri-trophic interactions may be restored in 
cultivated systems by restoring the appropriate signals (Khan et al., 1997, 2008; 
Degenhardt et al., 2003). However, our results suggest that there is not selection against 
HIPV emission in domesticated species. Given the possible loss of function of HIPVs in 
domesticated species, without loss of output, future work should identify the most 
critically attractive components of volatile blends and examine how these are altered by 
domestication.  
1.5.4 Conclusion 
Our analysis is the first quantitative synthesis of published studies on herbivore-
induced plant volatiles. This is surprising given the robust sample size (236 experiments) 
available for detecting overall patterns and teasing apart mechanistic hypotheses. A few 






interpretation of the outcomes and ability to generalize beyond the three focal factors. 
First, herbivore damage, especially chewing, was often not quantified or standardized, 
which is methodologically problematic because HIPV emission is expected to correlate 
with herbivory level. Second, only a few taxonomic plant groups were studied–70% of all 
observations in our dataset were derived from 5 plant families (Brassicaceae, Malvaceae, 
Fabaceae, Poaceae, and Solanaceae). While this is not unexpected given the agricultural 
relevance of these families, this level of extreme phylogenetic clustering greatly limits 
our ability to extrapolate the reported findings to all plants. Greater taxonomic diversity 
in HIPV studies would help clarify questions about the ecological roles and evolutionary 
history of plant volatiles. Third, only 20% of studies collected volatiles from field grown 
plants. Given the sensitivity of plant volatiles to environmental variables, including light, 
soil nutrients and microbiota, water etc., studying volatile emission in the field is critical 
to understanding their ecological and evolutionary context. Finally, there remain few 
paired comparisons between feeding-guilds, herbivore specialization, and plant selection 
history. Robust experimental evidence addressing the hypotheses explored by this meta-
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Table 1.1: Mean effect size and robustness of induction by herbivores compared to 
controls. Models included independent experiment and row number as random factors. 
Mean hedges’ g represents the effect size of induction by herbivores for each volatile 
class. CI is the confidence interval around the mean. Ind. N calculated from the number 
of independent experiments used to calculate mean effect size. Fail-safe N was calculated 
from the model using the Rosenthal approach 
Volatiles Mean hedges g CI Z P-value Ind. N Fail-safe N 
Totals 4.8781 0.9277 10.3058 <0.0001 137 82357 
GLVs 2.3713 0.5205 8.9285 <0.0001 125 35660 
Benzenoids 1.4477 0.3243 8.7486 <0.0001 95 15002 
Monoterpenes 1.3692 0.2525 10.6269 <0.0001 109 17616 
Sesquiterpenes 2.0479 0.366 10.9644 <0.0001 158 54672 







Figure 1.1: Effect of herbivore feeding guild on induction of total volatiles (A), GLVs 
(B), benzenoids (C), monoterpenes (D), sesquiterpenes (E), and homoterpenes (F). 
Number of replicates used to calculate effect size displayed next to each bar. Error bars 







Figure 1.2: Effect of herbivore feeding guild on induction of MeSA. Number of replicates 
used to calculate effect size displayed next to each bar. Error bars show 95% confidence 











Figure 1.3: Effect of generalist and specialist herbivores on induction of total volatiles 
(A), GLVs (B), benzenoids (C), monoterpenes (D), sesquiterpenes (E), and homoterpenes 
(F). Number of replicates used to calculate effect size displayed next to each bar. Error 








Figure 1.4: Effect of plant domestication on induction of total volatiles (A), GLVs (B), 
benzenoids (C), monoterpenes (D), sesquiterpenes (E), and homoterpenes (F). Number of 
replicates used to calculate effect size displayed next to each bar. Error bars show 95% 







Figure 1.5: Effect of plant domestication within Brassicaceae (A-D) and Solanaceae (E-
G) total volatiles (A, E), GLVs (B,F), sesquiterpenes (C, G), and homoterpenes (D). 
Number of replicates used to calculate effect size displayed next to each bar. Error bars 









CHAPTER 2.  CARNIVORE ATTRACTANT OR PLANT ELICITOR? 
MULTIFUNCTIONAL ROLES OF METHYL SALICYLATE LURES ON 
TOMATO (Solanum lycospericum) DEFENSE 
2.1 Abstract 
Synthetic plant volatile lures are considered a simple and effective means of attracting 
natural enemies to suppress prey populations, but may have non-target effects due to the 
multifaceted nature of volatile signals. One such lure, methyl salicylate (MeSA), attracts 
predators, but also serves as a plant-signaling hormone involved in pathogen defenses 
and may inhibit jasmonic acid (JA) signaling. We investigated the possible interaction of 
MeSA lures and herbivory to determine the effect of MeSA on plant defense. To 
understand the mechanisms of resistance and spatial distribution of the lure’s effect, we 
exposed tomatoes in the field to MeSA along a linear distance gradient for the lure and 
then induced herbivore defenses by simulating feeding by the hornworm, Manduca sexta. 
We measured activity of defensive proteins—polyphenol oxidase (PPO), peroxidase 
(POD), and proteinase inhibitors (PIs)—and subsequently measured growth of hornworm 
larvae on whole plants and naturally occurring biotrophic fungal pathogens 
(Cladosporium and Alternaria) on excised leaves. We found that MeSA decreased plant 
resistance to M. sexta, but improved resistance to secondary pathogen infection by 25%, 
possibly through up-regulation of PPOs, whose activity increased 12% when primed by 






lures (the max. tested), indicating that horizontal diffusion of volatiles in the field may be 
greater than previously assumed. Additionally, thrips avoided damaged tomatoes, but this 
effect was lost when tomatoes were exposed to MeSA before damage, suggesting that 
MeSA affects volatile induction. The use of MeSA lures in biological control programs 
may provide protection against secondary infection by pathogens, although it has 
negative impacts on plant resistance to insect herbivores. 
2.2 Introduction 
Recent efforts in biological control have explored the possibility of using the 
attractive qualities of herbivore-induced plant volatiles (hereafter HIPVs) to recruit 
natural enemies to protect crops (reviewed in Khan et al., 2008). As a simple method of 
restoring attractive volatiles to crops, synthetic lures have attracted natural enemies in 
numerous systems (Rodriguez-Saona et al. 2011, Kaplan 2012). These lures consist of 
single compounds or blends of volatiles placed near crop plants in slow-release emitters 
(James 2003a, 2003b, James and Grasswitz 2005, Lee 2010, Mallinger et al. 2011, 
Simpson et al. 2011, Rodriguez-Saona et al. 2011, Braasch et al. 2012). However, 
manipulating HIPVs to attract natural enemies may have unintended outcomes because 
volatiles are not only used in tri-trophic interactions but also mediate a wider range of 
ecological interactions (Kaplan 2012).  
Because HIPVs influence plant defense, as evidenced by their role in inter- and 
intra- plant communication across taxa, using synthetic lures to attract natural enemies is 
likely to have consequences for plant resistance to pests. One possibility is that lures 






predators alone: lures could elicit plant-derived volatiles that attract predators and 
contribute to the lures’ effectiveness (James and Grasswitz 2005). Single compounds 
elicit volatile responses in plants in controlled laboratory conditions (Engelberth and 
Alborn 2004, Frost et al. 2008, Sugimoto et al. 2014, Erb et al. 2015), and in field 
experiments in maize and cranberry. Maize volatile emissions were induced by synthetic 
GLVs in the field (von Mérey et al. 2011), and cranberries exposed to MeSA lures 
produced greater MeSA emission, although cranberries may have been re-emitting the 
synthetic volatiles rather than synthesizing volatiles de novo (Rodriguez-Saona et al. 
2011). These ‘eavesdropping’ plants may ‘hear’ lures as distress signals from nearby 
plants. Because plants can respond to synthetic volatiles, lures may enhance pest 
suppression if they simultaneously increase plant resistance while attracting predators. 
However, if these synthetic volatiles are associated with an attacker that is not present 
(i.e. pathogens, sap-feeding insects), the lure may elicit a plant defensive response that is 
mismatched with threatening herbivores, resulting in increased susceptibility to attackers.  
In addition to whether the lure has synergistic or antagonistic effect on plant 
defense, the distance at which synthetic lures have an effect on plants and natural 
enemies is critical to understanding the dynamics of using lures as a mechanism for 
biological control. The range that synthetic volatiles attract natural enemies is often 
within a few meters, which lowers their value in recruiting natural enemies. Within a 
monoculture, short-range attraction will often only pull predators away from other crops 
within the same field. Predator response has been documented up to eight meters from 
phenylethyl alcohol lures (Braasch and Kaplan 2012). However, attraction of natural 






soybeans (Mallinger et al. 2011) and 2.5 meters in cranberries (Rodriguez-Saona et al. 
2011). Induced plant-plant signaling, with much lower emissions, is an even shorter 
range phenomenon – with a maximum distance of between 15 and 50 centimeters 
(Karban et al. 2003, Heil and Adame-Álvarez 2010). However, synthetic volatile 
diffusion in the landscape has yet to be quantified by any other means than arthropod 
behavioral response. It is clear that synthetic lures are often emitting at a higher 
concentration than damaged plants, which is likely to expand the range on which lures 
affect plant defense. 
Synthetic MeSA is a prime candidate for testing the effects of lures on plant 
defense because it attracts diverse natural enemies and is commonly emitted from insect 
damaged plants (James 2003b). In hops, for example, MeSA attracted a broad suite of 
natural enemies, including parasitic wasps and predatory dipterans and hemipterans 
(James and Price 2004). A meta-analysis of all natural enemy field responses to MeSA 
found that 21 of 34 tested species were attracted to the lure (Rodriguez-Saona et al. 
2011). Evidence for natural enemy orientation to MeSA is so strong that it is now the 
only commercially available HIPV for enhancing biocontrol in orchards, field crops, 
nurseries and home gardens. Interestingly, MeSA is not just a predator attractant; it 
serves as a signaling compound within the plant and is the volatile analog of salicylic 
acid (SA) (Park et al. 2007). Both SA and MeSA are critical for pathogen defense and 
involved in systemic signaling, including up-regulation of pathogenesis-related defensive 
proteins (Vlot et al. 2009). Because plants tailor responses to attack, SA- pathogen- 
associated defenses differ from their jasmonic acid (JA) counterparts involved in defense 






effective (Koornneef and Pieterse 2008, Wei et al. 2014). For instance, pathogen attack 
reduces that amount of JA in plants (Thaler et al. 1999, 2012, Rodriguez-Saona et al. 
2010, Abe et al. 2012) and thus JA-SA antagonism decreases JA-mediated defenses, 
increasing plant susceptibility to insect herbivores (Chung et al. 2013, Van der Does et al. 
2013). However, it is unknown whether using MeSA volatile lures in the field for 
predator attraction impacts plant defense against pathogen and insect attack.  
Despite considerable effort in testing the attractiveness of MeSA lures to natural 
enemies in the field, no work has examined their role in simultaneously mediating plant 
resistance to insects and pathogens. We hypothesize that MeSA lures interfere with JA-
signaling through JA-SA antagonistic cross-talk, and will enhance pathogen resistance 
but reduce herbivore resistance. To test this, we evaluated the effect of MeSA lures on 
tomato defense in the field, and the spatial radius at which such effects occurred. 
2.3 Materials and Methods 
2.3.1 M. sexta Growth  
Tomatoes (Solanum lycopersicum, line MP–1; Barg et al., 1997) were germinated 
and grew for 6 weeks in the greenhouse in individual 6-inch pots (14:10 LD, 25 ºC). A 
MeSA lure (Predalure MS 30, AgBio Inc., Westminster, Colorado) was placed above, but 
not physically touching, six-week old plants, and removed after 48 hours. MeSA lures 
emit volatiles at a rate of 0.4–1.2 mg/hour for the first week (Rodriguez-Saona et al. 
2011). Control plants were in a separate greenhouse during MeSA exposure. A control 
and exposed plant were placed in the same water tray to decrease the potential effects of 






larvae (50-100mg) were placed on the 3rd leaf of each tomato. Caterpillar weight was 
measured after 5 days. A total of thirty larvae were weighed at the end of the feeding 
trial, fifteen from control plants, and fifteen from MeSA-treated plants. Manduca relative 
growth rate over 5 days was analyzed using the glm function in R, using treatment as a 
fixed-effect and a normal error distribution. 
2.3.2 Experimental Field Set-up 
To assess the spatial, biochemical, and ecological effects of MeSA lures on 
tomato defense in the field, we used a 2x2 factorial design with MeSA exposure and 
simulated M. sexta herbivory as main effects in a randomized complete block design. 
Treatments were applied at the plot-level with 9 plants per plot. Experiments were 
conducted during the summer of 2014 at the Purdue University Meigs Horticultural 
Research Farm near Lafayette, Indiana, and replicated twice during that period (June and 
July) with 3 complete blocks per date. At each date we used 108 plants (9 plants per 
treatment x 4 treatments x 3 blocks) and new plants were used in each experiment.  
Tomato seeds were germinated for 3 weeks in the greenhouse (14:10 LD, 25ºC). 
Tomato seedlings were then transplanted in the field, spaced at 0, 0.5m, 1m, 2 m and 4 m 
from a central point (Figure 1). They grew in the field for 3 weeks before use in 
experiments. Weeds were managed between rows with herbicide and tillage, while 
within-row weeds were controlled with black plastic mulch. Surrounding matrix included 
soybeans, maple trees, tomatoes, and other Solanaceous crops. Wind data were collected 
by a local weather station (Vantage Vue, Davis Instruments, location: 40.288817, -






To expose tomatoes, MeSA lures were placed in randomly designated plots at the 
center of each plot. At least 8 meters separated plants in one plot and lures of another 
plot. After a 48–hour exposure, the lures were removed and we induced all the plants in 
the “herbivory” treatment plots on the four terminal leaflets on leaves 3 and 4. Simulated 
herbivory consisted of damage using a serrated tracing wheel (Dritz, Spartanburg, SC) 
and 20μL of diluted M. sexta regurgitant. Regurgitant was collected from fifth-instar M. 
sexta, which were fed live tomato tissue for at least 2 days. Regurgitant was collected 
from these insects by inserting a 100µL pipette between the mandibles of the larva. This 
regurgitant was pooled by collection date, flash frozen in liquid nitrogen and stored at -
80ºC to maintain the integrity of elicitor proteins. Regurgitant was diluted 1:10 with de-
ionized water before application. Simulated herbivory was repeated 3 times at 24-hour 
intervals. Seventy-two hours after the removal of MeSA lures and 24- hours after the 
final herbivory treatment, leaf tissue was collected from all plants. Terminal leaflets on 
leaves 3 and 4 were collected for polyphenol oxidase (PPO), peroxidase (POD) and 
proteinase inhibitor (PI) protein assays. Protein assay leaflets were standardized to ~ 0.07 
grams of tissue using 4 –5mm diameter leaf disks, which were flash frozen in the field. 
The auxiliary leaflets on leaf 3 were collected for fungal growth assays (2 per plant).  
2.3.3 Defensive Protein Activity 
PPOs, PODs and PIs are defensive compounds produced by tomatoes, and are 
good measures of resistance against chewing insects (Stout et al. 1998, Karban et al. 
2003). PPOs and PODs are ubiquitous across higher plant taxa, and cause degradation of 
gut amino acids in insect herbivores (Constabel & Barbehenn, 2008). PIs are also 






so that insects cannot absorb amino acids (Ryan 1990). For spectrophotometric analysis 
of PPOs, PODs, and PIs, extraction was performed according to Thaler et al. (1996). 
To measure PPO and POD activity, the methods described in Stout et al. (1998) 
were followed. Tissue from each plant sample was homogenized in ice-cold pH 7K Phos 
(0.1M) buffer with 7% polyvinylpolyprolidine. Plant cells in homogenized samples were 
lysed using 0.4ml of 10% Triton X-100. This mixture was vortexed and centrifuged at 
6000 rpm at 4ºC. For PPO activity, 50µL of sample was added to 250 µL of 29.2mM 
caffeic acid in pH 8 K-Phos buffer. For POD activity, 30µL of sample was added to 270 
µL of 0.3% guaiacol and 0.1% H2O2 pH 8 K-Phos buffer. PPO and POD activities were 
determined by measuring the rate of color change over 10 minutes at 470nm. Activities 
are presented as change in optical density per minute per gram of fresh weight.  
To measure the relative inhibition of hydrolysis of an artificial substrate by PIs, 
tissue was homogenized in 0.9mL 50mM Tris HCl buffer (pH 7.8), using methods 
adapted from Rodriguez-Saona et al. (2010). This homogenate was centrifuged for 15 
minutes at 13,000 rpm at 10ºC. Sixty µL of supernatant were added to 20µL of Tris 
buffer, 50µL of a substrate (2% azocasein), and 20µL of 0.1mM trypsin from bovine 
pancreas in 1mM HCl. A set of controls without trypsin was prepared using the same 
procedure. Each run also included controls without the plant sample, and controls with 
neither the plant sample nor enzyme. These samples were vortexed and incubated at 28ºC 
for 20 minutes. The reaction was stopped at the end of the incubation period with 10% 
Trichloracetate (TCA), which denatured the substrate. Samples were centrifuged at 






sample, and absorbency was read at 450nm. Inhibition was calculated as one minus the 
percent ration of sample to control absorbance (Orians et al. 2000).  
Data from PI and PPO assays were normally distributed and analyzed as mixed 
models using the lme function in “nlme” package in R (Pinherio et al. 2015). POD assays 
were transformed using the link function log (x2), and then analyzed using lme. Models 
included protein activity as the response variable, MeSA exposure (presence or absence 
of lure), “herbivory” (damaged or undamaged) and MeSA x “herbivory” as fixed-effects, 
and date as a random effect. Factors distance and direction (east or west) were not 
significant and removed from the model. 
2.3.4 Fungal Growth Assays 
To estimate the effect of MeSA on defense against biotrophic pathogens, leaves 
were assessed for fungal growth 96 hours after collection from the field (81 
leaves/treatment). These leaves were kept cool and hydrated in petri dishes. They were 
ranked on a 0 to 4 scale where 0 was no fungus, 1 was fungus growing in dots and edges 
of wounds, 2 was 10% to 50% of leaf area covered in fungus, 3 was 50%-90% of leaf 
area covered in fungus growth, and 4 was leaf completely covered in growth (Figure 2.4 
for reference). Fungi were identified by the Purdue Plant Diagnostic Laboratory as a 
Cladosporium sp. and an Alternaria sp. Cladosporium are biotrophic secondary invaders 
of damaged tissue. Cladosporium enters the tissue through open stomata, and colonizes 
the apoplastic spaces in susceptible tissues, but can easily be defended in resistant tissues 
through a hypersensitive response, or defensive proteins like protein chitinases and 






alternata causes tomato stem canker), but are often unable to invade hosts due to basal 
resistance (Egusa et al. 2013). 
Because the fungal score data were an estimate of fungal growth and do not have 
a constant difference between steps on the value scale, data were analyzed using an 
ordered logistic regression using flexible thresholds. The model was fitted using a mixed-
model with the clmm2 function “ordinal” package in R (Christensen 2015) using a 
logistic link function. Fungal score data were analyzed using an ordinal regression which 
included MeSA exposure, “herbivory”, and MeSA x “herbivory” as fixed factors, and 
plant ID as a random factor. Factors distance and direction were not significant and 
removed from the model.  
2.3.5 Predator and Pest Attraction in the Field 
Predator and pest attraction to MeSA lures and HIPVs produced by tomato plants 
were measured using yellow sticky traps. Cards (3”X5” sensor cards, BASF, 
Ludwigshafen, Germany) were placed in the center of each plot immediately above the 
lure for 48 hours. To determine the effect of herbivore damage and MeSA, a second set 
of cards measured the attraction of arthropods to HIPVs for 72 hours following the 
removal of MeSA lures. Predaceous and pest arthropods were identified at least to order, 
and to family when possible.  
Trap capture while MeSA lures were present in the fields and trap capture after 
lures had been removed were analyzed separately because the length of time that they 
were in the field differed. Arthropod groups were analyzed separately as well. Mixed 
effect quasi-poisson GLMs were performed, which could handle over-dispersion using 






during MeSA treatment were analyzed as a mixed-model, using presence of MeSA lure 
(fixed-factor) and date (random factor). Arthropod count data after MeSA treatment were 
also analyzed as a mixed-model using MeSA exposure and damage (fixed-factor) and 
date (random factor). 
2.4 Results 
2.4.1 Growth of M. sexta Larvae on Plants Exposed to MeSA 
Manduca sexta larvae grew 40% slower on MeSA exposed tomatoes than control 
tomatoes (Figure 2.1, Table 2.1A).  
2.4.2 Effects of MeSA on Induction of Defensive Proteins 
PIs were induced by “herbivory” (Figure 2.3, Table 1B), but exposure to MeSA 
before damage had no effect (herbivory x MeSA interaction effect).  Likewise, POD 
activity was induced by damage (Figure 2.4, Table 2.1B), and MeSA increased POD 
activity by 21%, but was not significant. However, PPO activity was induced by the 
simulated “herbivory” treatment (Figure 2.5, Table 2.1B), and was 12% higher if plants 
had been exposed to MeSA prior to damage (herbivory x MeSA interaction effect). In all 
the protein assays, activity was induced by the “herbivory” damage treatment, which 
confirms that the treatment activated anti-herbivore defenses. It is important to note that 
neither direction nor distance, which was incorporated into the experimental design, had 
an effect on the induction of defensive proteins.  
2.4.3 Priming of Defense against Ambient Fungal Pathogens 
Mechanical damage of tomato tissue increased growth of Cladosporium and 






secondary fungal growth in damaged tissue by 25% (herbivory x MeSA interaction 
effect), indicating potential priming of pathogen defenses by MeSA.  
2.4.4 Recruitment of Herbivorous and Predaceous Arthropods 
Six groups of herbivores and predators dominated the yellow sticky traps. 
Herbivores included thrips (Thysanoptera), aphids (Hemiptera: Aphididae), and 
leafhoppers (Hemiptera: Cicadellidae), while captured predators included spiders 
(Araneae), small parasitic wasps (Hymenoptera) from several families, and syrphid fly 
adults (Diptera: Syrphidae). Leafhopper abundance decreased by 50% near MeSA lures 
(Figure 2.7a: Table 2.1D), and parasitic wasps decreased by 39%, as well (Figure 2.7b). 
Syrphids were not significantly attracted to MeSA, but were only caught in plots where a 
MeSA lure was present. When lures where removed, this pattern disappeared. No other 
groups responded to the presence of MeSA lures. Once MeSA lures were removed from 
plots, we tested how tomatoes themselves attracted arthropods. Thrips were 62% less 
abundant near damaged tomatoes (Figure 8), but if damaged tomatoes were exposed to 
MeSA (MeSA*“herbivory”), this effect disappeared. 
2.5 Discussion 
Synthetic plant volatile lures can attract natural enemies, but also have unintended 
consequences for plant defense signaling. Because MeSA is a signaling hormone, we 
expected to see a trade-off between pathogen and herbivore defense. We found MeSA 
exposed tomatoes were more resistant to herbivores, which implies that MeSA lures 
prime herbivore resistance. We investigated the mechanisms behind this resistance, and 






MeSA. Our results suggest that variation in PPOs in the tissue between MeSA-treated 
and control plants was decreased the relative growth rate of this specialist herbivore. 
Traditionally anti-nutritive proteins are thought have important roles in defense against 
insect herbivores where they disrupt digestion of proteins (Constabel and Barbehenn 
2008, Zavala et al. 2008). These proteins are not the only defenses induced in response to 
herbivore feeding; other defenses include secondary metabolites such as tomatine which 
can modulate the effects of anti-nutritive proteins on larval insect weight gain (Duffey 
and Stout 1996).  Measurements of anti-nutritive proteins are often excellent proxies for 
other induced defenses within a plant (Stout et al. 1998, Karban et al. 2003). 
In addition to anti-nutritive proteins affecting herbivore growth, we found the 
increase in PPOs due to MeSA exposure in injured plants corresponded with an increase 
in plant resistance to opportunistic Cladosporium and Alternaria fungal pathogens, as 
predicted (Figure 6). MeSA exposure also decreases the concentrations of bacteria in 
lima bean leaf tissue (Girón-Calva et al. 2012). Both PPO and PODs are implicated in 
defense against pathogens as well as in defense against herbivores (Bashan et al. 1987), 
although PPOs and PODs do not consistently respond to SA and pathogens (Thaler et al. 
1999). While we have not yet identified the mechanism behind susceptibility to 
herbivores, we did find a trade-off between herbivore resistance and pathogen resistance 
because of these lures.  
Anti-nutritive protein induction and pathogen defense were not dependent on 
distance, indicating that MeSA lures are detectable by tomatoes at least 4 meters from the 
lure. This is the longest distance that a volatile has been known to prime defenses. Prior 






less than half a meter (Karban et al. 2003, Heil and Adame-Álvarez 2010). However, no 
study has tested the distance at which concentrated synthetic plant volatiles have an 
effect. Because distance had no effect, we conclude that response to MeSA was 
independent of concentration. Lima beans experience a similar disregard for MeSA 
concentration: bacterial infections in leaf tissue decreased equally when exposed to 
MeSA concentrations between 4 and 80mg/L for 24 hours (Girón-Calva et al. 2012). 
Shorter exposure times in lima beans increased the impact of concentration, suggesting 
that MeSA must build to a critical threshold. Perhaps exposing tomatoes for 48 hours was 
long enough to build within tomato tissue in the field within 4 meters of the lure. Future 
work should consider exposure time as well as emission rate on the distance lures have an 
effect.  
We evaluated the effect of MeSA lures on insect abundance in the field, and 
found that only syrphid flies were patchily attracted to MeSA, while parasitic wasps were 
repelled. Syrphid larvae are voracious predators of aphids, and the adult orientation to 
MeSA may indicate attraction to plants that produce MeSA, which are potentially aphid-
infested (Primante and Dötterl 2010; Rowen and Kaplan, in prep.). Contrary to other 
studies, we found that parasitic wasps were marginally repelled by MeSA, although we 
had very low numbers of wasps captured by sticky card traps. While Hymenoptera are 
often attracted to MeSA, attraction varies by wasp species and crop system (Rodriguez-
Saona et al. 2011). One concern with using synthetic lures is that herbivores also use 
volatile cues to find hosts (von Mérey et al. 2013). Here, leafhoppers were the only pest 
species that responded to MeSA, and they were repelled by the lures. In some systems, it 






removed, lures induce nearby plants to produce attractive volatiles (Simpson et al. 2011). 
In this experiment, we found no difference in arthropod communities caught in sticky 
card traps in response to MeSA lures themselves, or near control and MeSA-exposed 
tomatoes, suggesting no differences in direct volatile induction by MeSA. However, 
when plants had been damaged with an “herbivory” treatment, thrips abundance 
decreased around damaged plants. When these plants were first exposed to MeSA, thrips 
abundance returned to control levels, suggesting that MeSA interacts with volatile 
emission in tomatoes, and increases the attractiveness of HIPV blends to thrips. 
Furthermore, the effect of JA-SA crosstalk on thrips attraction has been documented in 
Arabidopsis, where thrips were better able to feed on SA treated plants (Abe et al. 2012). 
This reconfirms the trade-offs caused by exposing tomatoes to MeSA that we observed in 
direct defenses.  
We did not observe the trade-off between herbivore and pathogen defense that we 
predicted when we exposed tomatoes to MeSA. Herbivore resistance is usually mediated 
by JA-signaling (Chen et al. 2004, Degenhardt et al. 2010, Wei et al. 2014), however the 
decreased growth of M. sexta on MeSA-exposed tomatoes does not suggest antagonism 
between MeSA and JA-signaling. We observed primed pathogen defenses, which also 
activated some herbivore defenses. We did not find that MeSA attracted natural enemies 
in tomato, but it does in many systems. As a synthetic lure, MeSA is used in biological 
control programs to attract and retain natural enemies. Additionally, given its interaction 
with tomato defense, it may increase resistance to secondary infection after pest 
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Table 2.1: Results of statistical tests of M. sexta feeding assay (A), anti-nutritive protein 
activity (B), fungal growth assays (C), insect attraction to MeSA (D), and insect 
attraction to plots after MeSA were removed (E). 
A) Manduca sexta weight gain–MeSA  GLM     
Factor Coefficient SE t P   
Intercept 0.163 0.016 9.79 <0.001 *** 
MeSA -0.043 0.023 -1.85 0.074  . 
B) Protein activity–MeSA and “herbivory” Mixed-effect GLM 
Factor Coefficient SE t P 
PI activity  
Intercept 0.195 0.071 2.72 0.007 ** 
MeSA 0.027 0.029 0.93 0.352   
“herbivory” 0.18 0.028 6.32 <0.001 *** 
MeSA*“herbivory” -0.046 0.041 -1.14 0.257   
POD activity  
Intercept 4.458 0.216 20.68 <0.001 *** 
MeSA -0.054 0.237 -0.23 0.819   
“herbivory” 2.663 0.230 11.49 <0.001 *** 
MeSA*“herbivory” 0.4 1.200 1.21 0.229   
PPO activity  
Intercept 4.971 0.510 9.75 <0.001 *** 
MeSA -0.023 0.322 -0.07 0.943   
“herbivory” 1.745 0.310 5.63 <0.001 *** 
MeSA*”herbivory” 0.813 0.445 1.82 0.070 . 
C) Fungal growth–MeSA and “herbivory” Ordinal logistic regression 
Factor Coefficient SE Z P   
MeSA 1.0526 0.460 2.29 0.020 * 
“herbivory” 5.7305 0.676 8.48 <0.001 *** 
MeSA*“herbivory” -2.2750 0.615 -3.70 <0.001 *** 
D) Insect abundance –MeSA Mixed-effect GLM 
Factor Coefficient SE t P   
Cicadellid abundance  
Intercept 1.291 0.535 2.413 0.025 * 
MeSA -0.693 0.353 -1.96 0.063 . 
Parasitic wasp abundance  
Intercept 1.365 0.156 8.73 <0.001 *** 
MeSA -0.483 0.253 -1.9 0.070 . 
E) Thrips abundance–MeSA and “herbivory”  Mixed-effect GLM 
Factor Coefficient SE t P   
Intercept 2.274 0.270 8.43 <0.001 *** 
MeSA -0.364 0.344 -1.06 0.303   
“herbivory” -1.133 0.447 -2.54 0.020 * 







Figure 2.1: M. sexta weight at start of experiment and after 5 days of feeding on MeSA 








Figure 2.2: A) Effect of MeSA on proteinase inhibitors (% inhibition of trypsin) in 
damaged and undamaged leaflets along East-West distance gradient. B) Mean effect of 
herbivory and MeSA treatments on PIs. Error bars represent +1SE. Significant factors 









Figure 2.3: A) Effect of MeSA on peroxidase activity (change in optical density min-1 g-
1FW) in damaged and undamaged leaflets. B) Mean effect of herbivory and MeSA 
treatment on PODs. Error bars represent +1SE. Significant factors and interactions 









Figure 2.4: A) Effect of MeSA on polyphenol oxidase activity (change in optical density 
min-1 g-1FW) in damaged and undamaged leaflets. B) Mean effect of herbivory and 









Figure 2.5: Effect of MeSA on natural fungal growth on damaged and undamaged leaflets 
across all plots (A), at the center of plot (B), and at 4 meters (C). Error bars represent 
+1SE. Fungal growth scoring system shown in box, where blackened areas illustrate area 
of fungal growth, and corresponding score is under each leaflet. Significant factors and 









Figure 2.6: Effect of MeSA on natural fungal growth on damaged and undamaged leaflets 
across all plots (A), at the center of plot (B), and at 4 meters (C). Error bars represent 
+1SE. Fungal growth scoring system shown in box, where blackened areas illustrate area 
of fungal growth, and corresponding score is under each leaflet. Significant factors and 








Figure 2.7: A)  Mean count per plot of parasitic wasps and (B) leafhoppers caught in 
yellow sticky card traps in response to MeSA lures. Error bars represent +1SE. 
































A.1 Assessing Publication Bias 
Funnel plots revealed a strong asymmetry in effect size for total the total amount 
of volatiles produced (Figure S1a). Further investigation of this potential publication bias 
using a Spearman-rank correlation revealed a small-study effect (N=127, ρ= 0.917, 
p<0.001). However, the fail-safe number (81966, Table 1) was much higher than the 
threshold (5*127+10 = 645), indicating that these results are quite robust despite their 
publication bias. GLVs demonstrate a similar asymmetry (Figure S1b) due to small-study 
effect (N=150, ρ= 0.745, p<0.001). Benzenoids (Figure S1c, N=113, ρ=0.454, p<0.001), 
monoterpenes (Figure S1d, N=129, ρ=0.666, p<0.001), sesquiterpenes (Figure S1e, 
N=197, ρ=0.636, p<0.001), and homoterpenes (Figure S1f, N=197, ρ=0.682, p<0.001) 
are all asymmetric as well and exhibit small-study effects. 
 






Table A.1: Mean effect size (±CI) of volatiles emitted by families with more than 4 studies. N is number of observations, they 
differ between volatile classes because not all studies found or measured all volatile classes. Means in bold have confidence 
intervals that do not overlap zero. 
  Total GLVs Benzenoids Monoterpenes Sesquiterpenes Homoterpenes 
 Plant Family mean ± CI N mean ± CI N mean ± CI N mean ± CI N mean ± CI N mean ± CI N 
Asteraceae 2.20 ± 4.17 7 1.04 ± 2.37 7 1.65 ± 2.10 7 3.22 ± 2.87 1 1.60 ± 1.96 8   0 
Betulaceae 2.98 ± 3.33 10 0.86 ± 1.81 10 1.73 ± 1.67 8 1.47 ± 1.32 11 0.91 ± 1.56 10 1.60 ± 1.56 11 
Brassicaceae 4.84 ± 2.76 22 1.12 ± 1.44 33 1.70 ± 1.35 24 0.93 ± 1.20 27 0.99 ± 1.23 29 1.42 ± 1.41 26 
Fabaceae 3.42 ± 2.36 35 1.66 ± 1.51 28 1.30 ± 1.38 23 0.89 ± 1.19 25 1.88 ± 1.24 28 1.24 ± 1.41 26 
Malvaceae 4.09 ± 3.36 13 1.85 ± 1.87 10 0.57 ± 3.83 1 2.03 ± 1.42 12 1.69 ± 1.56 13 1.18 ± 1.59 12 
Poaceae 10.19 ± 2.76 25 4.84 ± 1.62 21 1.40 ± 1.75 7 1.82 ± 1.45 7 3.70 ± 1.23 28 2.28 ± 1.72 7 
Rosaceae 1.66 ± 3.32 10 1.72 ± 2.48 4 1.35 ± 1.62 9 0.98 ± 1.34 10 1.52 ± 1.57 10 1.14 ± 1.66 8 
Salicaceae 10.33 ± 5.54 4 1.75 ± 2.49 4 1.93 ± 2.20 4 1.64 ± 1.38 10 1.85 ± 1.61 10 2.02 ± 1.67 9 
Solanaceae 2.30 ± 1.74 30 3.25 ± 1.18 19 1.80 ± 1.02 18 2.50 ± 1.07 8 2.60 ± 0.89 28 2.48 ± 1.27 8 
 
  






Table A.2: Classification of feeding-guild and diet breadth for each herbivore species 
Herbivore 
group 
Herbivore species Feeding guild Diet breadth Study 
ant Atta colombica chewer generalist Kost et al., 2011 
aphid Aphis glycines sap-feeder specialist Zhu & Park, 2005 
 Euceraphis betulae sap-feeder specialist Blande et al., 2010 
 Myzus persicae sap-feeder generalist Harmel et al., 2007; Staudt et al., 2010; Pineda et 
al., 2013 
 Pterocallis alni sap-feeder specialist Blande et al., 2010 
 Acyrthosiphon pisum sap-feeder generalist Schwartzberg et al., 2011 
 Lachnus roboris sap-feeder specialist Paris et al., 2010 
beetle Agelastica alni  chewer specialist Blande et al., 2010 
 Agrilus planipennis chewer specialist Rodriguez-Saona et al., 2006; Chen et al., 2011 
 Diabrotica virgifera 
virgifera 
chewer specialist Rasmann et al., 2011; Robert et al., 2012 
 Epilachna varivestis chewer specialist Kost & Heil, 2006; Kost et al., 2011 
 Epitrix hirtipennis chewer specialist Kessler & Baldwin, 2001a 
 Galerucella tenella chewer specialist Himanen et al., 2005 
 Gastrophysa polygoni chewer specialist Piesik et al., 2011 
 Lema daturaphila chewer specialist Hare, 2007; Hare & Sun, 2011 
 Leptinotarsa decemlineata chewer specialist Bolter et al., 1997 
 Oelema melanopus chewer specialist Piesik et al., 2010, 2011a 
 Oulema cyanella chewer specialist Piesik et al., 2011a 
 Paria aterrima chewer specialist Degenhardt & Lincoln, 2006 
 Phratora vitellinae chewer specialist Yoneya et al., 2010 
 Tetraopes tetraophthalmus chewer specialist Rasmann et al., 2011 
bug Dicyphus minimus sap-feeder  Kessler & Baldwin, 2001a 
 Euschistus heros sap-feeder generalist Carolina et al., 2005; Michereff et al., 2011; 
Magalhães et al., 2012 
 Lygus hesperus sap-feeder generalist Blackmer et al., 2004 
 Nezara viridula sap-feeder generalist Colazza et al., 2004; Williams et al., 2005 
 Philaenus spumarius sap-feeder generalist Tooker et al., 2008 
 Tupiocoris notatus sap-feeder specialist Kessler & Baldwin, 2004; Hare & Sun, 2011 
fly Eurosta solidaginis  sap-feeder specialist Tooker et al., 2008 
 Mayetiola destructor sap-feeder specialist Tooker & De Moraes, 2007 
 Liriomyza huidobrensis sap-feeder generalist Banchio et al., 2007 






Table A.2 cont.  
leaf hopper Nilaparvata lugens sap-feeder specialist Tong et al., 2012 
lepidopteran Cabera pusaria chewer generalist Copolovici et al., 2011 
 Dendrolimus punctatus chewer specialist Su et al., 2009 
 Epiphyas postvittana chewer generalist Suckling et al., 2012 
 Epirrita autumnata chewer generalist Vuorinen et al., 2004b; Blande et al., 2007; 
Mäntylä et al., 2008; Schaub et al., 2010 
 Euphydryas aurinia chewer specialist Penuelas et al., 2005 
 Gnorimoschema 
gallaesolidaginis 
sap-feeder specialist Tooker et al., 2008 
 Helicoverpa armigera chewer generalist Yan & Wang, 2006b 
 Helicoverpa zea chewer generalist Mccall et al., 1994; Olson et al., 2008 
 Heliothis virescens chewer generalist Tooker & De Moraes, 2007; Delphia et al., 2007; 
Tooker et al., 2008; Ngumbi et al., 2009 
 Lymantria dispar chewer generalist Staudt & Lhoutellier, 2007; Rodriguez-Saona et 
al., 2009, 2011; Danner et al., 2011 
 Manduca 
quinquemaculata  
chewer specialist Kessler & Baldwin, 2001b, 2004 
 Manduca sexta chewer specialist Degenhardt et al., 2010; Hare & Sun, 2011; 
Kariyat et al., 2012; Reisenman et al., 2013 
 Mythimna separata chewer generalist Ozawa et al., 2008; Yan & Wang, 2006b 
 Ostrinia furnacalis chewer generalist Huang et al., 2009 
 Pieris brassicae chewer specialist Geervliet et al., 1997; Mattiacci et al., 2001; 
Pierre et al., 2011 
 Pieris rapae chewer specialist Geervliet et al., 1997; van Poecke, 2002; Shiojiri 
et al., 2006, 2010; Snoeren et al., 2010 
 Plutella xylostella chewer specialist Vuorinen et al., 2004b, 2007; Shiojiri et al., 2010; 
Girling et al., 2011; Choh et al., 2013.  
 Spodoptera exigua chewer generalist Paré & Tumlinson, 1997; Schmelz et al., 2003a; 
Rodriguez-saona et al., 2003; Chen et al., 2008; 
Ngumbi et al., 2009; Schwartzberg et al., 2011 
 Spodoptera frugiperda chewer generalist Moraes et al., 2011; Peñaflor et al., 2011; 
Magalhães et al., 2012 
 






Table A.2 cont.  
 Spodoptera littoralis chewer generalist Horiuchi et al., 2003; Fäldt et al., 2003; 
Vuorinen et al., 2004b; Schnee et al., 2006; 
Rostás et al., 2006; Rostás & Turlings, 2008; 
Fontana et al., 2009; Kigathi et al., 2009; 
Raghava et al., 2010; Zebelo et al., 2012; Choh 
et al., 2013 
 Trichoplusia ni chewer generalist Miresmailli et al., 2012 
mite Phytonemus pallidus sap feeder generalist Himanen et al., 2005 
 Tetranychus evansi sap feeder specialist Sarmento et al., 2011 
 Tetranychus kanzawai sap feeder generalist Maeda et al., 2006 
 Tetranychus kanzawai Red 
strain 
sap feeder generalist Matsushima et al., 2006 
 Tetranychus kanzawai 
White strain 
sap feeder generalist Matsushima et al., 2006 
 Tetranychus urticae sap feeder generalist  Horiuchi et al., 2001; Arimura et al., 2001; 
Agrawal et al., 2002; De Boer et al., 2004; Kant 
et al., 2004; Mercke et al., 2004; van den Boom 
et al., 2004; Vuorinen et al., 2004a; Pinto et al., 
2007; Ament et al., 2010; Kappers et al., 2010; 
Sarmento et al., 2011; Schausberger et al., 
2012; Choh et al., 2013 
nematode Meloidogyne incognita sap feeder generalist Olson et al., 2008 
root fly Delia radicum chewer specialist Pierre et al., 2011 
scale Ceroplastes japonicus sap feeder generalist Zhang et al., 2009 
thrips Frankliniella occidentalis sap feeder generalist Delphia et al., 2007 
weevil Anthonomus grandis chewer specialist Magalhães et al., 2012 
 Diaprepes abbreviatus chewer generalist Ali et al., 2012 
 Hylobius abietis chewer specialist Blande et al., 2009; Heijari et al., 2011 
 Myllocerinus aurolineatus chewer specialist Cai et al., 2012 
 Phyllobius piri chewer generalist Blande et al., 2007 
 Strophosoma 
melanogrammum 
chewer generalist Prieme et al., 2000 
 
whitefly Bemisia tabaci sap feeder generalist Rodriguez-saona et al., 2003 






Table A.3: Plant family and domestication status for each plant species 
 
 
Plant family Domesticated? Species Study 
Apocynaceae domesticated Asclepias syriaca Rasmann et al., 2011 
Asteraceae domesticated Iva frutescens Degenhardt & Lincoln, 2006 
 domesticated Solidago altissima Tooker et al., 2008 
Betulaceae domesticated Alnus glutinosa Blande et al., 2010; Copolovici et al., 2011 
 domesticated Alnus incana Blande et al., 2010 
 domesticated Betula pendula Vuorinen et al., 2004a; Blande et al., 2010 




domesticated Arabidopsis thaliana van Poecke, 2002; Fäldt et al., 2003; Snoeren et al., 
2010; Pineda et al., 2013 
 wild Brassica oleracea Mattiacci et al., 2001; Choh et al., 2013 
 wild Brassica oleracea capitala Geervliet et al., 1997; Vuorinen et al., 2004b,a; Pinto et 
al., 2007; Shiojiri et al., 2010; Girling et al., 2011 
 wild Brassica rapa Kugimiya et al., 2010; Pierre et al., 2011 
 wild Phaseolus lunatus Matsushima et al., 2006 
Cannabaceae wild Humulus lupulus van den Boom et al., 2004 
Cucurbitaceae wild Cucumis sativus Agrawal et al., 2002; Mercke et al., 2004; Kappers et al., 
2010 
Dipsacaceae domesticated Succisa pratensis Penuelas et al., 2005 
Ebenaceae wild Diospyros kaki  Zhang et al., 2009 
Ericaceae wild Vaccinium corybosum Rodriguez-Saona et al., 2009 
 wild Vaccinium macrocarpon Rodriguez-Saona et al., 2011 
Fabaceae domesticated Laburnum anagyroides van den Boom et al., 2004 
 domesticated Phaseolus lunatus Kost & Heil, 2006 






Table A3 cont. 
 domesticated Robinia pseudo-acacia van den Boom et al., 2004 
 domesticated Trifolium pratense Kigathi et al., 2009 
 wild Glycine max van den Boom et al., 2004; Moraes et al., 2005; Zhu & 
Park, 2005; Michereff et al., 2011 
 wild Phaseolus lunatus Horiuchi et al., 2001, 2003; Arimura et al., 2001; De 
Boer et al., 2004; Vuorinen et al., 2004a; Pinto et al., 
2007; Kost et al., 2011 
 wild Phaseolus vulgaris Colazza et al., 2004; Schausberger et al., 2012 
 wild Vicia faba Colazza et al., 2004; Schausberger et al., 2012 
 wild Vigna unguiculata van den Boom et al., 2004 
Fagaceae domesticated Quercus ilex Staudt & Lhoutellier, 2007; Paris et al., 2010 
 domesticated Quercus robur Ghirardo et al., 2012 
Lamiaceae domesticated Minthostachys mollis Banchio et al., 2007 
Malvaceae wild Gossypium hirsutum Pare & Tumlinson; Mccall et al., 1994; Rodriguez-Saona 
et al., 2001; Rodriguez-saona et al., 2003; Williams et 
al., 2005; Olson et al., 2008; Chen et al., 2008; Ngumbi 
et al., 2009; Moraes et al., 2011; Magalhães et al., 2012  
Oleaceae domesticated Fraxinus mandshurica Rodriguez-Saona et al., 2006 
 domesticated Fraxinus nigra Chen et al., 2011 
Pinaceae domesticated Picea abies Prieme et al., 2000; Blande et al., 2009 
 domesticated Pinus massoniana  Su et al., 2009 
 domesticated Pinus sylvestris Heijari et al., 2011 
Plantaginaceae domesticated Plantago lanceolata Fontana et al., 2009 
Poaceae wild Avena sativa Piesik et al., 2010, 2011a 
 wild Hordeum vulgare Piesik et al., 2010, 2011a 
 wild Oryza sativa Tong et al., 2012 
 wild Triticum aestivum Tooker & De Moraes, 2007; Piesik et al., 2010, 2011a 
 wild 
 
Zea mays Schmelz et al., 2003b; Yan & Wang, 2006a,b; Schnee et 
al., 2006; Rostás et al., 2006; Rostás & Turlings, 2008; 
Ozawa et al., 2008; Huang et al., 2009; Peñaflor et al., 
2011; Robert et al., 2012a  






Table A.3 cont. 
 
Rosaceae domesticated Prunus davidiana  Staudt et al., 2010 
 wild Fragaria × ananassa Duch. Himanen et al., 2005 
 wild Malus domestica Suckling et al., 2012 
 wild Prunus persica  Staudt et al., 2010 
Rutaceae wild Citrus paradisi x Poncirus 
trifoliata 
Ali et al., 2012 
Salicaceae domesticated Populus tremula x tremuloides Blande et al., 2007; Schaub et al., 2010 
 domesticated Populus trichocarpa Danner et al., 2011 
 domesticated Salix eriocarpa Yoneya et al., 2010 
Solanaceae domesticated Datura discolor Reisenman et al., 2013 
 domesticated Datura stramonium van den Boom et al., 2004 
 domesticated Datura wrightii Hare, 2007; Hare & Sun, 2011 
Reisenman et al., 2013 
 domesticated Nicotiana attenuata Kessler & Baldwin, 2001a, 2004 
 domesticated Solanum carolinense  Kariyat et al., 2012 
 wild Capsicum annuum Shiojiri et al 2006 
 wild Lycopersicon esculentum Thaler et al., 2002; Kant et al., 2004; Miresmailli et al., 
2012 
 wild Nicotiana tabacum van den Boom et al., 2004; Delphia et al., 2007 
 wild Solanum lycopersicum Ament et al., 2010; Raghava et al., 2010; Degenhardt et 
al., 2010; Sarmento et al., 2011; Zebelo et al., 2012; 
Reisenman et al., 2013 
 wild Solanum melongena van den Boom et al., 2004 
 wild Solanum tuberosum Bolter et al., 1997; Harmel et al., 2007 
Theaceae wild Camellia sinensis Maeda et al., 2006; Cai et al., 2012 
Tropaeolaceae domesticated Tropaeolum majus Geervliet et al., 1997 
Vitaceae wild Vitis vinifera van den Boom et al., 2004 







Figure A.1: Funnel plots of totals and 5 volatile classes to examine publication bias. Effect sizes are plotted against the number 
of observations. A plot that shows no publication bias should have a triangular or funnel shape that is symmetric around the 
mean effect size
